Abstract. For a four-point mission like Cluster, the differences in position and time when the satellites detect the magnetopause or any other discontinuity, can be used to infer the discontinuity local orientation, thickness and motion. This timing technique, commonly assuming a planar geometry, offers an independent check for various single-spacecraft techniques.
Introduction
The macroscopic parameters that characterize a plasma discontinuity like the terrestrial magnetopause (MP), i.e. the orientation, motion, and thickness, are rapidly changing and therefore need to be determined for each particular event.
The motivation of finding the MP macroscopic parameters arises for a number of reasons. One is the problem of studying the large-scale dynamical processes that take place at this interface, like for example large amplitude surface waves. For that purpose, only a moderately accurate knowledge about the MP normal direction and motion is sufficient. Another important question is whether the magnetosphere and the magnetosheath regions are magnetically connected, i.e. whether a non-zero average normal magnetic field component B n is present or not at the MP. Since, even when the MP behaves like a rotational discontinuity, B n at this interface is very small (typically below 10% of the total magnetic intensity), an accurate determination of the normal direction is needed to answer that question. The same requirement applies when establishing a plasma flow across the MP. Then, the knowledge of the MP thickness allows us to estimate the spatial length-scale of the processes occurring in Published by Copernicus Publications on behalf of the European Geosciences Union.
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A. Blagau et al.: Timing method for a non-planar MP that region, providing an indication on the plasma regimewhether MHD or kinetic. It also allows us to compute, via Ampère's law, the MP current density, an important parameter in the study of plasma instabilities.
The earliest methods for determining the MP orientation use data collected by a single satellite and rely on certain simplifying assumptions regarding the discontinuity, like planar geometry, time-stationarity, and variations only along the normal direction for all physical quantities. The first such technique, the minimum variance analysis of the magnetic field (MVAB), developed by Sonnerup and Cahill (1967) , is based on · B = 0. Under the mentioned assumptions, this law implies a constant magnetic field component along the discontinuity normal. Consequently, using satellite measurements taken during the traversal, the MVAB algorithm identifies the direction along which the magnetic variance is minimized and associates it with the MP normal.
In some cases one can combine results from MVAB and from the so-called deHoffmann-Teller (HT) analysis (e.g., Khrabrov and Sonnerup, 1998a; Paschmann and Sonnerup, 2008) , to find also the MP normal velocity. In the HT analysis, one searches for a specific reference frame where plasma flow becomes aligned with the magnetic field and thus the motional electric field vanishes. If, based on MP data, the HT frame is identified, one can interpret the measurements as caused by a time-stationary structure moving over the point of observation. Then, by projecting the velocity of the HT frame along the MP normal, one obtains the MP normal velocity.
Another single-spacecraft method, the Minimum Faraday Residue (MFR), was developed based on magnetic flux conservation across the discontinuity (Khrabrov and Sonnerup, 1998b) . Here the normal direction and the normal velocity (assumed constant) are found by minimizing the Faraday residue, i.e. the variance of the tangential electric field component in the discontinuity frame. More recently various other single-spacecraft techniques were proposed, each based on the conservation of some particular physical quantity across the discontinuity. A detailed and unified description of these techniques is provided in Sonnerup et al. (2006) .
For a four-spacecraft mission like Cluster, additional methods for determining the orientation and motion of a discontinuity are available. These are the timing methods, that use the differences between the positions and times of the MP encounter by the satellites. In general, the timing methods assume also a planar geometry and a steady normal orientation. The first such technique, called time of arrival method, was proposed by Russell et al. (1983) , and in addition assumes a constant velocity for the discontinuity during the entire event. Haaland et al. (2004) introduced a four-point, planar timing technique that assumes a constant thickness for the discontinuity at the scale of the inter-spacecraft separation distance, allowing thus for a variable normal velocity. In that paper, arguments in favor of a constant MP thickness as opposed to those in favor of a constant velocity, are provided. One such argument is that, due to its low mass per unit cross-section, the MP will experience high accelerations even for small pressure imbalances, while, on the other hand, the compression is relatively small (of the order of a few percent). Experimental evidence (Dunlop et al., , 2002 supports the idea of a MP undergoing rapid changes in the normal velocity over time-periods comparable to the crossing duration, with relative small variation of its thickness. A detailed description of these two approaches, termed Constant Velocity Approach (CVA) and Constant Thickness Approach (CTA), can be found in Haaland et al. (2004) .
The problem of determining the macroscopic parameters of a more realistic, non-planar discontinuity, when four points of measurements are available, was investigated by Mottez and Chanteur (1994) and Woodward (1998, 1999) . These authors developed a method which, in the first stage, applies the MVAB technique on each satellite to determine the local discontinuity normal, and afterwards combines these results with the information about the position and time of discontinuity encounter by each satellite. For a 3-D discontinuity, with a regular geometry at the scale of the inter-spacecraft separation distance, the two principal radii of curvature that characterize the surface as well as the velocity and acceleration of the structure can thus be obtained. An important assumption of this method is that the individual normals obtained from a planar technique, i.e. MVAB, are not significantly affected by the local curvature and motion of the non-planar discontinuity during the satellite traversal. To our knowledge, the technique has not been quantitatively applied to a four-spacecraft crossing event.
In the present paper we developed a method for determining the macroscopic parameters of a two-dimensional (2-D), non-planar discontinuity, assuming that its thickness can be considered as constant. With the new method the discontinuity local orientation, motion, thickness and curvature are obtained simultaneously in a self-consistent way, removing thus the need of an additional assumption, required in the above mentioned non-planar technique, i.e. that of negligible effects due to non-planarity on the results provided by MVAB. In the first instance we extend the planar CTA timing technique, by proposing two simple geometries for the discontinuity layer, i.e. that of either a cylindrical or a parabolic shape. Later on, the method is improved by incorporating the requirement of minimum magnetic field variance along the instantaneous, local normal, therefore relying simultaneously on the timing information and on the ·B = 0 law. The new method was developed to address the needs described at the beginning of this section, when the MP non-planarity adversely influences the values of the macroscopic parameters provided by the planar techniques.
We will illustrate our technique with a particular MP crossing by Cluster, when the boundary acquired a 2-D shape, possibly due to a large amplitude surface wave produced by the Kelvin-Helmholtz mechanism. A detailed comparison between the results provided by the planar timing analysis and by the single-spacecraft techniques of MVAB, MFR, and HT, on one hand, and those provided by the 2-D method, on the other hand, will show the advantage of the latter. With the new technique, the MP dynamics and the presence of a non-zero normal magnetic field component in this particular event, will be discussed.
The paper is organized as follows: Sect. 2 introduces the MP crossing from 24 June 2003, providing evidence that the discontinuity has a 2-D, non-planar geometry in this event. Section 3 describes the principles of the new method, with additional details given in Appendix A. Section 4 briefly discusses how the MP moved on 24 June 2003, based on three solutions obtained by applying the 2-D method. An in-depth comparison between one particular 2-D solution and the results provided by the standard, planar methods is presented in Sect. 5, with additional details given in Appendix B. The parameters that characterize all the valid 2-D solutions and the corresponding error analysis are presented in Sect. 6 and in Appendix C. Section 7 provides a discussion of the results obtained with the 2-D method. Section 8 summarizes the results and provides a general perspective, including a list of topics to be addressed in the future.
A case of a 2-D, non-planar magnetopause
In this section we present a MP crossing by Cluster on 24 June 2003, to be used as demonstration case for the new 2-D, non-planar technique. We will show that single and multisatellite planar methods yield inconsistent results, and will provide arguments that the MP has actually a 2-D, non-planar geometry in this case. The direction along which the MP shape does not change, called hereafter the invariant direction, and the timing information, both used as input parameters in the new technique, will be determined from the data.
In the present paper we use data from three experiments on-board Cluster. The flux-gate magnetometer (FGM) provides the DC magnetic field vector with an accuracy of about 0.1 nT and a time-resolution of up to 67 samples per second (see Balogh et al., 2001) . The Electric Field and Wave (EFW) experiment provides the two electric field components in the spin plane at 25 samples/s in normal mode (see Gustafsson et al., 2001) . In favorable conditions the component along the spin axis can be inferred under the assumption that E ·B = 0, provided that the magnetic field vector is not too close to the spin-plane. The Cluster Ion Spectrometry (CIS) experiment measures the three-dimensional velocity distribution function of the ions. Based on that, the plasma moments (density, bulk velocity vector, pressure tensor, and heat flux vector) are computed and transmitted to the ground every spacecraft spin period, i.e. every 4 s (see Rème et al., 2001) . Figure 1 presents the Cluster orbit and configuration for the 24 June 2003 event. The transition that will be analyzed is an inbound crossing and occurred around 07:37:00 UT at the MP dawn flank, near [−7.7,−17.3 in GSE coordinates. In the upper part of the figure, showing the orbit (adapted from Cluster Science Data System web page), a model MP and bow-shock are drawn and the distance between the satellites is scaled by a factor of 5. For this event, the four satellites are traveling in pairs, with Cluster 1 (C1) close to C3 (at ∼350 km) and C2 close to C4 (at results obtained with a timing based method. The errors in determining the MP parameters with the new method will be thoroughly analyzed in Appendix C, where it will be shown they stay at an acceptable level. On that point, Figure 2 illustrates one important aspect of the demonstration case, namely a 'clean' MP transition at each satellite, with well defined asymptotic levels and a smooth magnetic field transition. This ensures a reliable determination of the timing information (see Subsection 2.3), which indicates clearly separated satellite transitions, that are at least 2.75 s apart (see Table 2 in that section).
The results of MVAB. Finding the invariant direction l
In order to reduce the influence of small-scale fluctuations on the MVAB results, we 'boxcar-averaged' the initial 0.2 s magnetic data by using a boxcar of 1 s width, followed by a resampling to 0.4 s time resolution. Next, for each satellite, we chose eleven symmetric, nested intervals, centred on a point near the middle of the structure (the central times, the minimum and maximum length of the intervals are presented in Figure 2 ). For each of these eleven intervals the MVAB was performed, first with the constraint B · n = 0, where B is the average magnetic field (see for example Sonnerup and Scheible, 1998) , and, second, without this constraint. In each variant of the method, the average direction, obtained as the component by component average of the eleven normals, was computed.
The results are presented in the left and central part of Table 1. There, for each satellite, the GSE components of the individual normal vectors provided by both MVAB versions are shown, including the ratio λ 1 /λ 2 , between the magnetic field variance along the directions of maximum and intermediate variance (constrained analysis), and the ratio λ 2 /λ 3 , between the magnetic field variance along the directions of intermediate and minimum variance (unconstrained analysis). In addition, for the unconstrained MVAB, the average normal magnetic field component B n = B · n is indicated. The ratio of eigenvalues provides a criterion for judging the reliability of the normal determination (see Sonnerup and Scheible, 1998) . A rule of thumb requires a value of this ratio 20 for the constrained MVAB method and values 10 for the unconstrained method. As seen from Table  1 , the criterion is easily fulfilled by the constrained MVAB normals, but not by the unconstrained MVAB normals. Another fact that makes the unconstrained case suspicious is the angle of ∼ 11
• between the C2 and C4 individual normals, which is unreasonably large considering that the satellites are crossing the MP almost simultaneously at a small distance.
Based on these arguments, we shall use only the results provided by the constrained ( B · n = 0), MVAB technique. The analysis also indicates a fairly time-stationary MP; for example, in case of C3 the eleven normals corresponding to the nested intervals are less than 1
• apart from their average. Figure 3 is a polar plot showing the orientation of the four individual normals obtained from constrained MVAB (the colored squares, symbol MVABC) with respect to their average, n M V AB , taken as reference direction (the magenta square at the center, symbol MVAB). The vertical line is oriented along the n M V AB × X GSE direction (roughly along the south-north direction) and the horizontal line completes the cartesian frame. The components of n M V AB in the GSE reference frame are indicated at the bottom. Its ori- The same sequence is indeed seen in Fig. 2 , which presents in the first four panels the magnetic field components measured by each spacecraft in the GSE reference frame. The significance of the various vertical lines indicated in these panels is explained in Sect. 2.1. From the last three panels, showing the ion data, i.e. the differential energy spectrogram, the bulk velocity components in GSE, and the density, measured by the CIS/Hot Ion Analyser on-board C1, one can clearly notice the inbound character of the transition.
The Cluster configuration on 24 June 2003, not being a tetrahedron, may raise concerns about the accuracy of the results obtained with a timing based method. The errors in determining the MP parameters with the new method will be thoroughly analyzed in Appendix C, where it will be shown they stay at an acceptable level. On that point, Fig. 2 illustrates one important aspect of the demonstration case, namely a "clean" MP transition at each satellite, with well defined asymptotic levels and a smooth magnetic field transition. This ensures a reliable determination of the timing information (see Sect. 2.3), which indicates clearly separated satellite transitions, that are at least 2.75 s apart (see Table 2 in that section).
The results of MVAB -finding the invariant direction l
In order to reduce the influence of small-scale fluctuations on the MVAB results, we "boxcar-averaged" the initial 0.2 s magnetic data by using a boxcar of 1 s width, followed by a resampling to 0.4 s time resolution. Next, for each satellite, we chose eleven symmetric, nested intervals, centred on a point near the middle of the structure (the central times, the minimum and maximum length of the intervals are presented in Fig. 2 ). For each of these eleven intervals the MVAB was performed, first with the constraint B · n = 0, where B is the average magnetic field (see for example Sonnerup and Scheible, 1998) , and, second, without this constraint. In each variant of the method, the average direction, obtained as the component by component average of the eleven normals, was computed.
The results are presented in the left and central part of Table 1. There, for each satellite, the GSE components of the individual normal vectors provided by both MVAB versions are shown, including the ratio λ 1 /λ 2 , between the magnetic field variance along the directions of maximum and intermediate variance (constrained analysis), and the ratio λ 2 /λ 3 , between the magnetic field variance along the directions of intermediate and minimum variance (unconstrained analysis). In addition, for the unconstrained MVAB, the average normal magnetic field component B n = B ·n is indicated. The ratio of eigenvalues provides a criterion for judging the reliability of the normal determination (see Sonnerup and Scheible, 1998) . A rule of thumb requires a value of this ratio 20 for the constrained MVAB method and values 10 for the unconstrained method. As seen from Table 1 , the criterion is easily fulfilled by the constrained MVAB normals, but not by the unconstrained MVAB normals. Another fact that makes the unconstrained case suspicious is the angle of ∼ 11 • between the C2 and C4 individual normals, which is unreasonably large considering that the satellites are crossing the MP almost simultaneously at a small distance.
Based on these arguments, we shall use only the results provided by the constrained ( B · n = 0), MVAB technique. The analysis also indicates a fairly time-stationary MP; for example, in case of C3 the eleven normals corresponding to the nested intervals are less than 1 • apart from their average. erage, n MVAB , taken as reference direction (the magenta square at the center, symbol MVAB). The vertical line is oriented along the n MVAB ×X GSE direction (roughly along the south-north direction) and the horizontal line completes the cartesian frame. The components of n MVAB in the GSE reference frame are indicated at the bottom. Its orientation with respect to the GSM reference frame can be judged by looking at the unit vectors on the bottom left part of the figure. The circles designate directions of equal inclination with respect to n MVAB , in degrees. For each individual normal, an error bar is drawn, indicating the orientation uncertainty due to the statistical errors (see Sonnerup and Scheible, 1998) . At the bottom of Fig. 1 , showing the Cluster constellation at the time of the event, the x axis is oriented along l in the left projection, while in the right projection it lies along n MVAB . The y axis, the same in both pictures, is oriented along n MVAB × l.
Additional arguments in favor of a 2-D geometry for the MP on 24 June 2003 will be provided in Sects. 2.2 and 2.4, where the results obtained by applying the planar MFR and timing analysis methods will be shown.
The results of MFR
For carrying out the MFR analysis we need both magnetic field and high-resolution electric field data 1 . Unfortunately, during some parts of the crossings, the magnetic field vector was close to the spacecraft spin plane. Because this leads to high uncertainties when constructing the third, spin-aligned electric field component, for those parts of the MP transition the data cannot be used. However, for all the Cluster satellites, the interval used in the MFR analysis is wide enough to include the MP central portion (i.e. corresponding to the central interval
Like in the MVAB case, to reduce the influence of smallscale fluctuations on the MFR results, we "boxcar-averaged" the high-resolution data using a 2 s boxcar window, followed by a resampling to 0.5 s time-resolution. Each individual MFR normal was obtained by constraining the average normal magnetic field component to zero, i.e. B · n = 0. The results are presented in the right part of Table 1 . For each satellite, the GSE components of the normal vectors, together with the eigenvalues ratio λ 1 /λ 2 are shown. The last column presents the angle , made by the individual MFR normals with respect to the plane of the normals, determined in Sect. 2.1.
As Table 1 shows, the MFR normals are not so well defined, except, perhaps, the C2 normal, with a ratio λ 1 /λ 2 around 11.7. One possible explanation could be that, due to the already mentioned data gaps, the intervals used in the MFR analysis do not include the whole MP transition. Indeed, in case of C2, approx. 93.7% of the magnetic field rotation occurs during the MFR interval (the largest fractional change) whereas for C3, when λ 1 /λ 2 2, the MFR interval covers only 76.2% of the total magnetic field change (the smallest fractional change). The orientation of the individual MFR normals obtained in the analysis are certainly corrupted by the MP non-planarity. However, for an ideal 2-D discontinuity, the normals provided by the planar MFR technique would be contained in one plane, the same that contains also the individual MVAB normals. It is remarkable that in our case, in spite of the mentioned problems with the data, the constrained MFR normals lie very close, basically within the statistical errors, to the plane of the normals identified in Sect. 2.1 (see parameter in the Table 1 ). In fact, if we proceed as described at the end of Sect. 2.1 and compute the invariant direction based entirely on the individual MFR normals, we obtain a direction only 3 • away off the invariant direction computed there. Thus, the MFR results are consistent with the earlier conclusion of a 2-D, non-planar MP.
Extracting the timing information
For extracting the timing information, a procedure like that described in Haaland et al. (2004) , with some alterations, has been followed. Firstly, the magnetic field data recorded by each satellite was transformed into the local MP frame provided by the constrained MVAB analysis, having the axes along the directions providing the maximum magnetic variance, the minimum magnetic variance and along the direction of B . Then, the maximum magnetic variance component was fitted with a hyperbolic tangent function
in order to determine the crossing time that characterizes the MP transition in the global sense. Here B m is the zero level of the tanh function, B is the total magnetic jump between the magnetosheath and magnetopause asymptotic levels, T c represents the central time and τ designates the profile halfwidth. Note that, because of a non-planar MP, we expect that the direction providing the minimum magnetic field variance will be different from one satellite to another and therefore each fit will be performed in a slightly different reference frame. Next, a definition for the MP extent as the central region where the fit changes from B m − 1 2 B tanh(−1) to B m − 1 2 B tanh(1) magnetic levels was adopted. This corresponds to a fraction of ∼ 0.762 of the total magnetic jump B. According to this definition, the satellite encounters the MP leading edge at T c −τ and the MP trailing edge at T c +τ . These two instants of time will be used directly in the method (not the central crossing time T c , as in Haaland et al. 2004) .
As an illustration of the procedure described above, Fig. 5 presents the C1 magnetic field components in the reference frame related to the corresponding MVAB normal. The magnetic field components along the direction providing the maximum magnetic field variance, the minimum magnetic field variance and along the direction of B are shown by blue, red and green lines respectively. The points included in the fit are shown in blue. The parameters T c (indicated by the vertical yellow segment) and τ (the half-distance between the vertical yellow dashed lines) determined in the analysis are provided in the insert. The horizontal dashed lines represent the magnetic field levels associated with the MP edges. Table 2 presents the satellites' relative positions and the timing information for the 24 June 2004 event. The quantities R l , R n , R t , are the separation distances along the invariant direction l, along n MVAB , and along t = n MVAB × l, respectively. We choose as reference the position of C2, i.e. the first satellite detecting the MP. The central crossing times T c , computed with respect to the time when C2 detects the MP center, and the crossing durations τ are shown. From Table 2 one can observe that the satellites MP transitions are well separated, the minimum separation being 2.75 s.
The results from planar timing analysis
When carrying out the CVA and CTA timing analysis (Haaland et al., 2004) , in order to stay fully consistent with the planar assumption, where a single normal direction characterizes the event, the timing information was extracted from fits similar to that presented in Fig. 5 but on magnetic traces in a common reference frame, related to the n MVAB direction 2 .
In Fig. 4 the CVA and CTA normals are indicated with red and golden open circles respectively. Their orientation is well apart from the n MVAB direction, i.e. ∼ 32 • and ∼ 38 • for the CTA and the CVA normals, respectively. Considering the regular magnetic profiles seen by all satellites and the good quality of the fits, resulting in a trustworthy timing information, this discrepancy is very significant, suggesting again a non-planar geometry for the MP.
To save the planar assumption, one could argue that, perhaps, neither the constant thickness nor the constant velocity assumptions are valid for this event but, instead, there is a variable normal velocity and the MP has different thickness at different points on its surface. We investigated this possibility by imposing different orientations for a planar layer, around the direction of n MVAB . Then, the central crossing times and the relative positions of the satellites along the imposed normal allow us to determine the MP normal velocity evolution 3 . By proceeding in this way, and imposing for example n MVAB as normal direction, one obtains unreasonably large variations in the MP thickness from one satellite to another. For example, between C3 and C1, separated by only 202 km in the MP plane, a MP thickness variation of 183 km, from 254 km to 437 km, was obtained. A similar behavior was noticed for other directions close to the n MVAB .
An interesting observation related to Fig. 4 is the following: when the MVAB technique, which assumes a planar geometry, is applied on a 2-D discontinuity, the normal orientation will be affected by the non-planarity. However, the information about the 2-D symmetry contained in the actual magnetic measurements (ideally, the measurements will not vary along the invariant direction) is reflected in the result, and the normal will lie in the plane perpendicular to the invariant direction. The same consideration applies to the planar MFR technique as well. By contrast, because the techniques employed in this subsection rely solely on the satellites position and on the timing information, a 2-D MP investigated with the standard CVA or CTA will not produce, in general, normals in the plane perpendicular to l.
Presentation of the new method
The new method assumes that the MP can be locally modelled as a layer of constant thickness that has either a parabolic or a cylindrical shape, that does not change along the direction perpendicular to the plane of the normals (the invariant direction). In the plane of the normals we allow for the layer to have either a unidirectional movement or independent motions along two mutually perpendicular directions. Any motion along the third, invariant direction has no meaning because it causes no change. Note that this model can describe two main features of the non-planar MP: its inward-outward motion and, by allowing for a second degree of freedom, the large-scale waves that often travel along its surface.
There are actually two techniques that we developed for determining the crossing parameters of a 2-D, non-planar discontinuity. The first is based, apart from the knowledge of invariant direction, solely on the timing information, thus 3 A second degree polynomial has been used to describe the MP normal velocity time-dependence. being a generalization of the planar CTA technique. The second technique uses simultaneously the timing information and the · B = 0 conservation law, providing solutions that comply with the requirement of minimum normal magnetic field variance. The two techniques, which we will refer to as the straight timing analysis and the combined timing -MVAB analysis, are briefly described in Sect. 3.1 and Sect. 3.2, respectively. Additional details are given in Appendix A.
Straight timing analysis
Let us suppose that the necessary input parameters, i.e. the invariant direction and the timing information, were extracted from the data, as shown in Sect. 2.3 for the 24 June 2003 event. Then, mathematically, in each implementation of the model (parabolic or cylindrical geometry, one or two degrees of freedom for the MP movement), a system of eight equations can be established, i.e. two equations for each satellite. This corresponds to the conditions that, during its motion, the leading and trailing edges of a 2-D MP oriented along the invariant direction encounters the satellites' positions according to the timing information. Note that the method uses the times when the satellites detect the MP leading and trailing edges, and not the time when the MP center is detected, contrary to the planar CTA and CVA methods.
Figures 6 and 7 schematically show cross-sections of a parabolic, respectively cylindrical, MP at successive times (more explanations related to the figures are given in Appendix A). The invariant direction l points into the page. The unknowns to be found from the above mentioned system of eight equations are:
-the spatial scale of the structure, given by the quadratic coefficient of the parabola describing the MP profile, in the parabolic case, or by the MP inner radius of curvature, in the cylindrical case;
-the MP thickness;
-the angle in the plane of the normals specifying the direction of primary MP motion (see below);
-the initial position of the structure, given by two coordinates in the plane of the normals, specifying the MP leading edge apex position, in the parabolic case, or the MP center of curvature, in the cylindrical case;
-three coefficients describing the velocity-time dependence, assumed to be polynomial.
When the model allows two degrees of freedom for the MP movement, the last three parameters describe a uniformly accelerated displacement along one direction, called hereafter the primary direction, and a constant velocity motion along the perpendicular direction, called hereafter the secondary direction. When the MP is allowed to move only along one direction (called primary as well), the last three parameters . MP as a parabolic layer, in cross-sections at successive moments. The unit vector l, indicating the invariant direction, points into the paper. The Cluster satellites are located at R i , i = 1...4, with R 1 ≡ 0. At the initial time, T c1 − τ 1 , the parabola describing the MP leading edge has the apex at P (s,C), and encounters the first satellite at the origin; at the other three times shown, at T ci + τ i , i = 2...4, the MP trailing edge is detected by the second, third and fourth satellite, respectively. According to the model, the MP primary movement, with a polynomial time dependence for velocity, takes place along y, parallel to the parabola's axis. The secondary movement, allowed in one variant of the model, occurs with constant velocity in the perpendicular direction. Details about the quantities shown in this figure are discussed in Appendix A.
characterize the structure's velocity, acceleration and change in the acceleration, respectively.
Combined timing -MVAB analysis
The straight timing analysis presented in the previous subsection can be improved if one takes advantage of the fact that the primary direction of MP movement is fully described by one parameter, i.e. an angle in the plane of the normals.
Based on that, one can impose different values for this parameter, and solve the system of eight equations from the previous subsection with this condition. For each solution that is found, corresponding to one angle, the magnetic field variance along the instantaneous, i.e. geometrical, MP normal at each satellite can be computed.
Here B
i , m = 1...M i , represent the magnetic measurements taken by satellite i, and n (m) 2D,i designates the 2-D, instantaneous geometrical normal at the same satellite. The superscript m indicates that these normals are changing in time and therefore their orientation at the time when the B (m) measurement is taken will be considered in Eq. (1). If the angle defining the direction of MP movement is increased stepwise, within the range [−π,π], one can select that direction of MP movement for which the global normal magnetic field variance is minimum. Here by "global", a weighted average over the four satellites is meant, i.e.
Details about how to define the corresponding weighting factors p i are provided in Appendix A (see Eq. A5), the underlying argument being the following: if the magnetic field measured at one satellite is, by whatever reason, more perturbed than at the other, i.e. if it implies higher magnetic field fluctuations, then its contribution to the global magnetic field variance is reduced by the weighting factor.
The solution obtained in this way has two advantages: first, it combines in a self-consistent way the timing information with the requirements of · B = 0. Second, because the angle specifying the direction of MP movement is now set from outside, four coefficients, instead of three, are available to describe the MP velocity-time dependence, providing an improved description of the MP motion.
Solutions provided by the 2-D, non-planar method
When applying the various implementations of the 2-D, nonplanar MP method introduced in Sect. 3 to the 24 June 2003 event, a total of six valid solutions have been obtained. In what follows a certain nomenclature to designate a particular solution will be used. Each name will indicate the model adopted for the MP ("P" for parabolic and "C" for cylindrical), the number of degrees of freedom allowed in the MP movement ("1" or "2") and the implementation of the method ('TA' for the straight timing analysis and "OpTA" for the optimized method, combining timing analysis and MVAB technique). For the cylindrical MP having 2 degrees of freedom, two solutions have been found with the combined timing-MVAB technique; they will be differentiated by the suffix "A" and "B", respectively.
This section presents three exemplary 2-D, non-planar solutions, one based on the parabolic model, i.e. P1 OpTA shown in Fig. 8 , and two on the cylindrical model, i.e. C2 OpTA A and C2 OpTA B shown in Fig. 9 and Fig. 10 , respectively. For a detailed presentation of all 2-D solutions, the reader is referred to Blagau (2007) .
In Figs. 8, 9 , and 10, the spacecraft positions are indicated by crosses, colored according to the mission convention. The panels A, B, C, and D are associated with the satellite C2, C4, C3, and C1 respectively, and present the MP cross-sections in the plane perpendicular to the invariant direction l at two moments: when the corresponding satellite enters the layer (i.e. at T ci − τ i , i = 1...4, in light gray) and when it leaves the layer (i.e. at T ci + τ i , in darker gray). The MP external geometrical normals 4 , n 2D , at the satellite position for these 4 Here by "external geometrical" we mean pointing into the opposite direction of the center of curvature, not the direction outward from the magnetosphere. Whether the two directions are parallel or anti-parallel depends on the center of curvature location, i.e. ei- two moments are shown, together with the individual normal obtained from the planar, nested MVAB technique (in cyan; actually the projection of this normal on the plane perpendicular to the invariant direction is shown). The primary movement takes place along y, i.e. along the vertical. In the last two solutions, see Figs. 9 and 10, the MP has also a secondary motion, with constant velocity, along x. In panel (c), besides the y and x axes, two other directions are shown. In light blue is the average of the planar, individual normals obtained in the nested MVAB analysis, n MVAB , chosen also as reference direction in Figs. 3 and 4 from Sect. 2. For the second direction, one first computes for each satellite the individual n ave 2D normal, i.e. the average (over the crossing duration) external geometrical normal based on the 2-D solution. The unit vector n ext , shown in magenta, is along the vectorial mean of the four n ave 2D normals. In panel (d), the orientation of X GSM , Y GSM and Z GSM , i.e. the unit vectors defining the GSM reference frame, as seen by looking against the invariant direction l (pointing into the page) are indicated.
ther inside or outside the magnetosphere, which can be established based on the character of the crossing (inbound or outbound). Since, by definition, n ext is oriented into the opposite direction of the center of curvature, the in-bound character of the transition (see the beginning of Sect. 2) implies a convex shape for the MP depicted in Figs. 8, 9 and 10 (the same result has actually been obtained from all acceptable 2-D solutions corresponding to the 24 June 2003 event; see Blagau, 2007) . The solution P1 OpTA from Fig. 8 is consistent with a local, stationary bulge on the MP surface, modelled by a parabolic layer moving (outward) exclusively along the y direction. The other two cases, shown here in Fig. 9 and Fig. 10 , indicate a traveling wave on the MP surface: the general outward motion occurs with constant velocity along the x direction, while a more complicated, back and forth movement takes place along the y direction. 5 The solution C2 OpTA A from Fig. 9 implies a reencounter of the MP by the first pair of satellites (C2 and C4) at the end of the event, i.e. around the time when the second 5 Note that for these two solutions, the primary direction y is not oriented close to the MP normal but it is roughly perpendicular to it, i.e. opposite of the situation depicted in Fig. 7 . This is because we did not impose any restriction of this kind in the model; the orientation of x and y axes is obtained exclusively by solving the conditions of MP encounter. pair of satellites (C3 and C1) finish their transitions. The return is not seen in the data and strictly speaking means a disagreement with the physical situation. This aspect could be reconciled if one limits in an appropriate way the solution's range of validity, like has been done in Fig. 9 , where the upper part of the MP was not sketched. No such limitation was needed for the P1 OpTA and C2 OpTA B solutions.
It is worth mentioning that the C2 OpTA A solution, shown in Fig. 9 , and the C2 TA solution, not shown here, are practically identical. This is remarkable, meaning that the method based solely on the timing information already provides a result optimized with respect to the ·B = 0 conservation law.
The parameters that characterize all the valid 2-D solutions corresponding to 24 June 2003 event will be presented in Sect. 6, when also the normal magnetic field variance and the average normal magnetic field quantities implied by each solution are shown. It will be clear that, in spite of the apparent diversity, the MP transition parameters (orientation, normal velocity, thickness and curvature) obtained by the various implementations are actually not very different.
Detailed presentation of one 2-D solution
In this section, the solution C2 OpTA A from Fig. 9 (i.e. the first solution found with the combined timing-MVAB technique for a cylindrical MP having two degrees of freedom) will be discussed in detail and compared with the results provided by the planar methods like MVAB, MFR, timing analysis, and HT analysis. Table 3 summarizes this comparison both in terms of individual quantities, i.e. corresponding to each satellite, as well as in terms of the average, or "global" ones. Below a brief description of the parameters shown in this table is given.
The Planar methods part of Table 3 presents first the results of the constrained MVAB analysis on eleven nested intervals (see Sect. 2.1) in terms of normal magnetic field variance and average normal magnetic field component B n . The next two lines show similar quantities obtained by applying a constrained MVAB analysis on the central intervals
Here the constraint l · n = 0 has been used, thus eliminating in the analysis the influence of magnetic fluctuations perpendicular to the plane of the normals, in accordance with the 2-D geometry assumption for the MP. Further on, the normal MP velocity is presented, as determined by combining the nested MVAB normals with the HT analysis (see Sect. 5.3), by applying the MFR technique (see Sect. 2.2), and by applying the two variants of the planar timing analysis, i.e. CTA and CVA (see Sect. 2.4).
The last line of the Planar methods part presents the MP normal velocity at each pair of consecutive satellites i, i + 1, with i = 1...3, when the boundary is assumed to have locally, i.e. between the satellites crossing times T c,i and T c,i+1 , a stable, planar geometry. For the local MP normal we took the average of the coresponding MVAB normals and therefore the V pair quantities were computed based on the satellites separation along that direction and on the difference T c,i+1 − T c,i . The MP global velocity, presented in the first column, is a weighted average which takes into account that each V pair is valid for a different time length. In the C2 OpTA A part of Table 3 , all quantities refer to the central intervals. The first line presents the angle between the n ave 2D and the individual MVAB normals, projected on the plane perpendicular to the invariant direction l, and reflects the difference in normal prediction by the two methods. The second line shows the change in orientation of the instantaneous geometrical normals, n 2D , during the crossing interval, measuring how the MP movement and curvature influence the normal detected by the satellites. The average (over the crossing duration) MP normal velocity, v ave 2D , is shown on the following line. Next, the normal magnetic field variance and the values for B n are presented.
The weighting factors, used to compute the global value of the normal magnetic field variance, are shown on the last line. They were derived based on the arguments presented in Appendix A (see the discussions related to Eq. A5).
The investigation of normal magnetic field variance
When judging whether the planar or the 2-D method provides solutions that comply better with the requirement of minimum normal magnetic field variance, one has to take into account that each technique uses different data intervals: the planar MVAB is based on data intervals large enough to include the whole magnetic field rotation seen at the MP, whereas in the 2-D method only the central intervals,
, are used, in accordance with the system of conditions describing the satellites encounter with the MP edges. Therefore, it is instructive to investigate how the solutions provided by the two techniques behave starting from the central intervals up to the largest intervals used in the nested MVAB analysis (see Sect. 2.1).
Such an investigation has been carried out in Appendix B. There, using intervals centred on T ci that progressively increase in size, we analyzed the evolution of the normal magnetic field variance and of the average normal magnetic field component B n , based on three sets of normals: the individual, planar normals obtained from the nested MVAB analysis, the 2-D, instantaneous, geometrical normals corresponding to the C2 OpTA A solution and the normals provided by a constrained, to l ·n = 0, MVAB analysis performed for that particular interval. Note that the latter normals, called here and in Appendix B the planar, interval-specific MVAB normals, are changing with the interval of analysis according to the MVAB theory.
The analysis shows that, even for intervals well beyond the validity range of the 2-D solution, i.e. [T ci − τ i , T ci + τ i ], the global magnetic field variance based on the 2-D, geometrical normals is smaller than the same quantity based on the planar, interval-specific MVAB normals (which is, evidently, smaller than that based on the normals provided by the nested MVAB analysis). Therefore one can definitely say that, for the above mentioned intervals, the 2-D solution C2 OpTA A performs better than the planar MVAB solution from normal magnetic field variance point of view.
However, we think that when judging one particular solution provided by the 2-D, non-planar method it is not necessary to adopt such a strict criterion, namely that the global magnetic field variance based on the 2-D, geometrical normals to be smaller than that based on the planar, intervalspecific MVAB normals. The latter normals are not correlated between the satellites and, for an individual satellite, change their direction from one interval to the other independent of the MP dynamics. By contrast, the 2-D, geometrical normals are linked at each moment by the geometry proposed for the MP (parabolic or cylindrical) and evolve in time according to the global MP dynamics. Therefore, it seems reasonable to consider that a 2-D solution providing values for the global magnetic field variance greater than (but close to) that based on planar, interval-specific MVAB normals is still performing very well from the magnetic field variance perspective, and that overall, it is better than the planar solution.
If we take the central intervals and compute the global magnetic field variance based on the normals provided by the planar, nested MVAB analysis, a value of 4.12 [nT] 2 is obtained. This would roughly correspond to the situation described in Sect. 2.1, of a planar MP that changes its orientation between the crossing of the first pair of satelites and that of the second pair of satellites. Because of the significantly higher value it implies, higher than for any solution obtained with the 2-D method (see Table 5 from Sect. 6), one can clearly see that such an alternative interpretation of the data has to be rejected. 6
Orientation of the 2-D, non-planar magnetopause
The second part of Appendix B investigates how the relative orientation between the three sets of normals mentioned in Sect. 5.1 (i.e. the normals provided by the planar, nested MVAB, the 2-D geometrical normals, and the planar, interval-specific MVAB normals) changes, when progressively larger intervals centred on T ci are used.
Based on this analysis we concluded that in case of C2 the MVAB results corresponding to the central intervals,
are significantly affected by local, internal irregularities (magnetic islands, noise etc.). This is the reason why, in Table 3 and in Table 5 from Sect. 6, the global normal magnetic field variance based both on data from all four satellites (black numbers) as well as only on data from C1, C3 and C4 (smaller blue numbers) is shown.
In Table 3 , the first line from the C2 OpTA A part shows how different the n ave 2D normals are with respect to the individual MVAB normals obtained in the nested analysis. Based on these values and on the similar ones provided by the other 2-D MP solutions 7 , one would be inclined to say that all non- Table 4 . Results from the HT analysis. For each satellite one shows the interval of analysis (in seconds from 07:36:00 UT), the correlation coefficient and the regression line slope between the electric field in the starting reference frame E i and the convection electric field E HT = −V HT × B, the ratio D/D 0 expressing the fraction of E i remained un-transformed in the HT frame, and the three components of the HT velocity, V HT , in GSE. planar solutions imply, in case of C3 and C1, a systematic difference between the two sets of normals. The effect can be also noticed in the third and fourth panels of Figs. 8, 9 and 10. Actually, the analysis presented in Appendix B makes clear that this difference in orientation is due to the different time-intervals on which the two normals are based. In fact, in case of C3 and C1, for all centred intervals starting from
to the largest one used in the analysis, the planar, interval-specific MVAB normals lie in the range of angular variation for the 2-D, instantaneous normals. This is exactly the result one expects when the planar MVAB technique is applied to an ideal 2-D discontinuity (see Dunlop and Woodward, 1998) . Table 4 presents the results obtained from this analysis. For a meaningful comparison with the 2-D method, the intervals of analysis (shown on column 2) were chosen as close as possible to the central crossing intervals [T ci − τ i , T ci + τ i ]. In case of C1, C3 and C4 the plasma measurements together with the approximation E = −v × B for the electric field were used, whereas for C2, where no ion plasma data are available, electric field measurements provided by the EFW instrument were employed.
Magnetopause normal velocity
As Table 3 shows, by following the standard planar procedure, i.e. projecting the HT velocities, V HT , on the normals provided by the planar, nested MVAB analysis, one tively.
obtains values for the MP normal velocity significantly different from the C2 OpTA A solution. In fact, for C4 and C3, i.e. the satellites where the HT frame identification was most successful (see Table 4 ), these values are negative, which, considering that one deals with an in-bound transition, represents an inconsistency. A possible explanation could be that in the HT analysis one tries to explain the observed electric field as being produced by a time-stationary structure moving with constant velocity, both in direction and magnitude, relative to the point of observation, a situation one can hardly encounter in case of a 2-D MP 8 . The relatively small number of data points on which the HT analysis is based, i.e. five for both C4 and C3, could be another explanation.
The MFR method provides individual MP normal velocities, V MFR , significantly higher than in the 2-D MP method. We have no particular explanation for this result; a more detailed investigation, like using synthetic data to study how the planar MFR method performs on a 2-D discontinuity, as done by Dunlop and Woodward (1998) for the MVAB technique, could prove to be useful.
The planar CTA and CVA timing techniques provide MP global normal velocities that are ∼ 60 %, and, respectively ∼ 75% higher than in the 2-D MP method (see Tables 3 and  5 from Sect. 6).
The technique that evaluates the normal MP velocity by assuming a locally planar MP at each pair of consecutive satellites, provides results closer to the C2 OpTA A solution for the first pair of satellites (C2 and C4), i.e. 55.3 compared to 54.2 km/s, respectively. For the next interval, between the C4 and C3 crossing times, the two methods provide significantly different results, i.e. 11.4 and 46.2 km/s, respectively. That can be explained by the large separation distance between these satellites, when the effects of the MP curvature cannot be neglected. For the last pair of satellites (C3 and C1) the results are also significantly different, i.e. 22.9 and 40.7 km/s, respectively, in spite of their close separation. The reason for that resides in the difference between the individual MVAB normals, on which the calculation of V pair is based, and the average geometrical normals based on the 2-D solution, i.e. n ave 2D (see the last paragraph of Sect. 5.2). Two other solutions, namely P2 TA and C1 TA, had to be −9.8, −7.7, −5.6 km/s, giving an average MP normal velocity of −9.8 km/s. abandoned because, although mathematically correct, they do not offer a physical description of the MP parameters and dynamics (see Blagau, 2007) . A close look at the corresponding MP macroscopic parameters (thickness, normal velocity, radius of curvature, magnetic variance) and at the general MP dynamics, yields similarities between these solutions. We therefore classified them in three groups, each indicated by a different color in Table 5. For the solutions belonging to the first group, i.e. for P2 OpTA, C2 TA, and C2 OpTA A (pink background), the lowest values of the global normal magnetic field variance were obtained but one also needs to limit their range of validity in order to avoid an artificial return of the first pair of satellites to the MP interior. The second group, consisting of the solutions P1 OpTA and C1 OpTA (green background), imply a unidirectional displacement of the MP. The remaining solution, i.e. C2 OpTA B (blue background), implying two degrees of freedom for the MP movement, is not related with any other. Note that in Sect. 4 we presented one solution from each group.
Global parameters of the 2-D solutions
On the first column of Table 5 we present the angle α, between two normals already introduced in Sect. 4 and shown on Figs. 8, 9, and 10, namely the average normal provided by the nested, planar MVAB technique, n MVAB , and a median MP normal provided by the 2-D solution, pointing to the exterior (in the geometrical sense), n ext . The parameter in the second column expresses the variation in the orientation of the 2-D instantaneous normals during the crossing intervals, being the average of n 2D (see the description of Table 3 from Sect. 5).
The third and fourth columns present the values obtained for the MP radius of curvature and thickness, respectively. Since for a parabolic layer neither its radius of curvature nor its thickness are constant, the "global" values are shown, computed as geometrical mean (for the radius of curvature) or as arithmetical mean (for the thickness) of the corresponding individual quantities determined at each satellite 9 . Based on HIA C3 measurements, the average thermal proton gyroradius for the MP interval is 133 km, and the average proton inertial length is 270 km.
The next column presents the MP global normal velocity, obtained as arithmetical mean of the individual average normal velocity, v ave 2D . Then the global normal magnetic field variance and global value of B n corresponding to the central intervals are shown. As in Table 3 , the blue numbers designate values based only on data from C1, C3 and C4, considering that the C2 contribution to these global quantities is 9 Actually, for a parabolic layer the individual values of these quantities vary as well. In our model only the distance between the MP leading and trailing edges along the parabola's axis of symmetry is fixed (see Appendix A). Therefore the MP thickness, measured along the local normal, may vary between the point where the satellite enters the discontinuity and the exit point. For the analyzed event such variations are of the order of a few percent. Table 3 . The last column indicates which solutions need a limitation in their range of validity, in order to avoid an artificial MP crossing (see Fig. 9 and the related discussion).
In Appendix C, an analysis on the errors in the values of MP crossing parameters is presented. The solutions from the first group, i.e. C2 OpTA A, C2 TA, and P2 OpTA, are examined and compared. By looking on Tables 3 and 5, one can notice that these solutions involve the highest dynamical behavior for the MP, i.e. small radius of curvature, high variations in the instantaneous normal velocity and relatively high variations in the instantaneous, geometrical normal orientation. Therefore, one can presume that their characteristics will exhibit higher variations than in case of other solutions.
The analysis shows that, for the 24 June 2003 event, the 1 σ uncertainties in the crossing parameters remain in a reasonably limit, typically ∼ 5 − 11%, with the exception of the radius of curvature that experiences higher variations (see Table C1 from Appendix C). In our opinion, the regular and well resolved MP transition at each satellite, which ensures an accurate timing information determination, largely accounts for this relatively low error level, even if the Cluster two-pairs configuration is not a favorable one. Then, by comparing the parabolic and cylindrical solutions, the analysis indicates smaller errors in the latter case. Also, the combined timing -MVAB analysis produces stabler results than the straight timing analysis.
Discussion of the 2-D method results
Based on the results obtained from the new method, in this section we discuss the MP dynamics and the presence of a non-zero normal magnetic field component on the 24 June 2003 crossing event.
The MP dynamics on 24 June 2003
All the six valid solutions, obtained when applying the various implementations of the new method to the 24 June 2003 event, indicate a convex shape for the local MP, with radius of curvature between ∼ 1.8 and ∼ 2.9 R E (see Table 5 ). This result can be compared with the curvature of a model MP at the scale of Cluster inter-spacecraft separation distance. Based on the Roelof and Sibeck (1993) MP model, we found a radius of curvature of about 19.3 R E at the Cluster crossing location. Considering that we analyzed an in-bound transition, it means that the spacecraft encountered a local bulge in the MP.
In the present study we do not concentrate on the physical mechanism that produced the 2-D MP feature encountered by Cluster. However, the large flow shear across the MP (∼ 350 km/s) suggests the Kelvin -Helmholtz (KH) mechanism as a possible explanation. In the lower right corner of Fig. 3 from Sect. 2.1 we showed the tangential components of the magnetic field and flow velocity vectors measured in the regions adjacent to the MP. The unit vector k (shown in green in Fig. 3) , contained in the tangent plane and perpendicular to the invariant direction, would then be roughly oriented along the wave vector 10 . The data suggest that the wave will not grow into the nonlinear regime, since for all directions in the plane perpendicular to the invariant direction, the KH instability criterion (see Chandrasekhar, 1961) is not satisfied.
If Cluster encounters a MP surface wave of KH origin (or produced by any other mechanism, e.g. solar wind pressure changes), the method developed in this paper can be used to estimate its parameters, like the amplitude, wavelength, and periodicity. The implementation most appropriate to describe the physical situation would be that of a parabolic MP having 2 degrees of freedom, one for the inward-outward motion and one for the tangential propagation. Note that for surface normals close to the parabola axis of symentry, the chosen model is a good approximation for a traveling sine wave. The condition is fulfilled for the analyzed event, where the corresponding P2 OpTA solution provides an angle between the surface normals' average orientation, n ext , and the parabola's axis of symmetry of ∼ 24 • .
We determined the parameters of a sinusoidal surface wave that best fits with the results provided by the P2 OpTA implementation in the following way: through the points where the Cluster satellites encounter the corresponding parabolic layer, we fitted a sinusoidal curve, obtaining an amplitude of ∼ 1.7 R E , and a wavelength of ∼ 8.9 R E . Considering that the P2 OpTA solution predicts a MP tangential velocity of ∼ 77.9 km/s, one arrives at a periodicity of ∼ 12 min. The result we obtained is in accordance with other published results, reporting on MP surface wave observations (see for example Kivelson and Chen, 1995; Foullon et al., 2008 , and references therin).
In principle, in the new method one could have chosen a sinusoidal shape layer to model the MP, with the advantage of estimating directly the amplitude and wavelength of a traveling surface wave. However, instead of this direct approach we preferred to start with the development of the parabolic model for both methodological and physical reasons. Firstly, for a sinusoidal shape one has to resort to numerical methods, where bigger difficulties are expected in finding and sorting solutions that, although mathematically correct, are not acceptable from physical perspective. By contrast, for the parabolic model -which is the first approximation for the sinusoidal shape, provided that the resulting surface normals are close to the parabola axis of symmetry -we were able to find an algebraic, i.e. exact solution. The MP macroscopic parameters and the corresponding error estimates obtained in this way, i.e. through a robust and simple algorithm, have the important advantage of providing a reference, useful when evaluating the results from other models, where the solution can be obtained only numerically. Secondly, a parabolic profile is characterized by one parameter, i.e. the quadratic coefficient a (like in Eq. A2), whereas two parameters are needed to characterize a profile of sinusoidal shape, i.e. the amplitude and the wavelength. Since the total number of unknowns that can be determined with the new method is fixed (to 8), more parameters are thus available to characterize the MP dynamics in the parabolic model; taking into account the observations reported in the literature (e.g. Dunlop et al., 2001 Dunlop et al., , 2002 , that supports the idea of a rapidly changing MP dynamics, this means a more accurate description of the physical situation 11 .
From an easiness of treatment perspective, the cylindrical case is only slightly more complex than the parabolic one. In order to find a solution one needs to resort to numerical algorithms but, like in the parabolic model, the cylindrical profile is still characterized by one parameter, i.e. the radius of curvature, with the advantage of a more accurate description for MP motion. Note that in the cylindrical model the layer thickness is indeed constant, whereas for other shapes this quantity can vary (see Footnote 9) and one has to check whether the variation is small or not.
The normal magnetic field component on 24 June 2003
As can be seen from Table 5 presented in Sect. 6, all the valid 2-D solutions obtained in the analyzed case imply a non-zero negative value for the global B n quantity. Actually, if C2 is left aside (see the discussion from Sect. 5.2), all the valid 2-D solutions provide values between −2.0 nT and −1.0 nT for the individual B n quantities (for the C2 OpTA A solution, these values are presented in Table 3 from Sect. 5). While one can imagine that the 2-D solutions could introduce a non-realistic offset in the values of B n , we think this is not the case for the 24 June 2003 event. In this respect, for the C2 OpTA A solution we show in Appendix B that, for all satellites, the B n values based on the 2-D, instantaneous normals are actually smaller (in the absolute sense) than the B n values based on the planar, interval-specific normals, well beyond the validity range of the 2-D solution.
Also, with the error calculation procedure presented in Appendix C, the estimated standard deviations for the B n quantities are relatively small. As an example, for the C2 OpTA A solution these standard deviations are (in nT) ∼ 0.6, 0.4, 0.1, and 0.1 for C2, C4, C3, and C1 respectively.
We cross-checked the existence of a non-zero normal magnetic field component by performing Walén tests (see for example Paschmann and Sonnerup, 2008) on the MP intervals 12 . With the Walén test one checks whether the plasma flows at the local Alfvén speed in the HT reference frame. This property defines a rotational discontinuity (RD), implying B n = 0, thought to be caused as a consequence of magnetic reconnection, and encountered by the satellite far from the reconnection site. Although the test is derived based on a planar geometry, one can still presume its ability to correctly identify a RD in the non-planar case, provided that the discontinuity radius of curvature is sufficiently large compared with the kinetic parameters. The condition is fulfilled in the analyzed case where the average proton gyro-radius is two order of magnitude smaller than the MP radius of curvature.
The results are presented in Table 6 and show a positive identification of an RD by C1, where the correlation coefficient and the regression line between the plasma flow in the HT frame and the local Alfvén velocity are close to the ideal value of 1. For this satellite, the strong correlation in the MP region between the magnetic field change and the bulk velocity change is evident from panels 4 and 6 in Fig. 2 . For C3 and C4, where a closer analysis clearly indicates a large dynamic variation in the plasma velocity components specific to an RD, we evaluate the results as being marginally supportive. The negative values of B n indicated by all 2-D solutions, meaning a magnetic field component oriented into the magnetosphere, are also consistent with the positive slopes obtained in the Walén tests.
The accuracy of the method presented in this article to detect, in general, the presence of non-zero magnetic field component along the MP normal, deserves further investigations, on synthetic data as well as on other real cases. Nevertheless, there are two aspects that lend credence on its results. Firstly, in the new method one can use simultaneously and self-consistently the timing information and the · B = 0 conservation law, obtaining solutions that comply with the requirement of minimum normal magnetic field variance. Secondly, in the new method the data from all four satellites are simultaneously participating in the analysis and the determined MP normal directions and normal velocities are linked all the time through the geometry and through the motion provided by the solution. This implies a more realistic description for the MP orientation and motion compared to the case of single-spacecraft techniques, where the estimated individual MP normals and normal velocities are, by definition, decoupled one from each other.
In Sect. 5.2 this characteristic of the 2-D solution helped us to establish that local magnetic irregularities (magnetic islands, noise etc.) play an important role in case of C2, affecting the results of the MVAB technique when applied on the central interval. We mention here that Dunlop and Woodward (1999) , when studying, with synthetic data, how the local normal direction of a non-planar, ideal discontinuity, can be obtained by employing the planar MVAB method, showed that the errors are smaller when points from a short interval around the center of the structure are used. However, in case of a real event, a situation similar to that encountered by C2 on 24 June 2003 may occur.
The fact that we relied in Sect. 2.1 on the results provided by the constrained MVAB analysis may look like an inconsistency with the presence of a non-zero normal magnetic field component. However, for a discontinuity like the MP, having only a small or no perpendicular magnetic field component, the error in estimating its normal with MVAB is probably smaller when the constraint ( B n = 0) is used (see for example Blagau, 2007) . Another aspect is whether the presence of reconnection, with its specific wedge-like geometry, interferes with our assumption of constant thickness for the MP. However, far from the reconnection site, where the observations are made, it is reasonably to neglect any such influence at the scale of inter-spacecraft separation distance.
Summary and general discussions
In this article we extended the four-point timing method used for determining the macroscopic parameters of a planar MP, in order to accommodate the situations when the discontinuity behaves like a 2-D, non-planar layer on the scale of the inter-spacecraft separation distance. The MP was locally modelled either as a parabolic or as a cylindrical layer of constant thickness, with one or two degrees of freedom for the motion in the plane perpendicular to the invariant direction.
The MP local parameters (orientation, motion, thickness, radius of curvature) are obtained simultaneously from a system of eight equations, utilizing the satellites encounter of the MP leading and trailing edges according to the timing information extracted from the data. There are actually two techniques that we developed. The first relies on the timing information alone, being a straight extension of the planar CTA technique to the 2-D geometry. In the second technique one exploits the fact that, according to the model, the MP primary direction of movement is completely prescribed by one angle. This allows us to use self-consistently the timing information and the ·B = 0 conservation law, obtaining solutions that comply with the requirement of minimum normal magnetic field variance. The need of an additional assumption, proposed in earlier work (Mottez and Chanteur, 1994; Dunlop and Woodward, 1998) , i.e. that of negligible effects due to non-planarity on the MVAB results, is thus avoided.
To illustrate the new method, we selected one MP transition observed by Cluster on 24 June 2003. For this event the planar MVAB and MFR methods provide individual normals having different orientation, but all of them being close to one plane. This was interpreted as Cluster encountering a 2-D, non-planar MP, with the invariant direction oriented perpendicular to that plane. The results from the standard, planar timing analysis, providing MP normals well apart from the individual MVAB and MFR normals, and from the HT analysis, providing MP normal velocities at C3 and C4 locations inconsistent with an in-bound crossing, add support to the non-planar assumption.
When the different implementations of the new method (parabolic or cylindrical geometry, one or two degrees of freedom, straight timing analysis or combined, timing-MVAB analysis) are applied to the 24 June 2003 event, one obtains six valid solutions. The solutions are consistent and stable, indicating a convex shape for the local MP.
The global values of the parameters defining these solutions are presented in Table 5 from Sect. 6. In spite of the Cluster two-pairs configuration in this event, the analysis from Appendix C indicates that the corresponding errors are relatively small, e.g. ∼ 5−11% for the MP normal velocity. One expects an even smaller level of errors for events when the spacecraft configuration is closer to that of a tetraheadron.
In Sect. 5 we chose one particular 2-D solution, i.e. C2 OpTA A, for an extensive comparison with the planar results. We showed that, for the central intervals, i.e. for its range of validity, the C2 OpTA A solution provides a smaller global magnetic field variance along the 2-D, instantaneous normals than the planar MVAB method. For other 2-D solutions, depending on the particular implementation, the global normal magnetic field variance on the central intervals is lower or approximately the same as in the planar case (see Tables 5 and 3 ). The same quantity computed according to the standard planar method, i.e. using nested intervals and normals provided by the nested MVAB analysis, is systematically higher than in the case of the 2-D solutions 13 .
The method developed in this article provides a means to quantitatively determine the geometry and motion of a 2-D, non-planar discontinuity. We illustrated this by discussing the MP dynamics and the presence of a non-zero normal magnetic field component on the 24 June 2003 crossing event, i.e. the aspects, mentioned in Sect. 1, that motivate the effort of finding the MP macroscopic parameters.
Depending on the event, applying the standard, planar methods to estimate the normal motion of a non-planar 2-D discontinuity, may provide results significantly different than those of the new method (for the analyzed event, see Table 3 and the discussions from Sect. 5.3). Correspondingly, the 13 A similar finding is obtained by comparing the global Faraday residues, namely lower values for this quantity based on the instantaneous MP normals and normal velocities provided by the 2-D solutions than in the planar case (see Blagau, 2007) . Although this result is consistent with the other results reported in this article and could represent an independent way of proving that the 2-D method provides a better identification of the MP orientation and motion, due to the uncertainties in the electric field data for this event we decided not to use it as an argument.
same situation is present when the discontinuity thickness is estimated.
The method shown here represents a logical extention of the techniques described in Sect. 1, seeking to determine the local parameters of a discontinuity in a single, individual crossing event. A different line of approach for investigating a boundary region is that of the reconstruction methods, i.e. the methods of empirical reconstruction (e.g de Keyser, 2008) and of Grad-Shafranov (GS) and MHD reconstructions, (e.g Sonnerup et al., 2008; Hasegawa et al., 2005) . In the empirical reconstruction method the position of the boundary is tracked by converting a time series of in-situ observations into spatial information; spatial profiles of physical quantities whithin the boundary are thus obtained. With the GS and MHD reconstructions, maps of fields and plasma quantities are created in a region surrounding the spacecraft path by integrating the GS or MHD equations. A main assumption common to the reconstruction methods is that all the observed time variability is due solely to the convection of a fixed structure past the spacecraft position. While the reconstruction methods aim at much more than finding the macroscopic parameters of a discontinuity, below we enumerate some aspects in favor of our method if the main goal is the analysis of the macroscopic parameters:
-the reconstruction techniques imply evolved techniques of optimization and/or integration, which requires considerable attention and skill when applied. On the contrary, our method being simpler, offers more control when is used.
-the conditions for applying the reconstruction methods include that of no intrinsic temporal change in the structure of the boundary. Also, in the GS and MHD reconstructions, the existence of a proper frame (usually the HT frame) and the validity of MHD equations are demanded. Our technique is less sensitive to these requirements, being based on the timing information and on the · B = 0 conservation law.
-the reconstruction methods make use of plasma data, i.e. plasma velocity or other higher moments of plasma velocity distribution function, usually measured with less accuracy than the magnetic field. For example, in the empirical reconstruction the boundary normal velocity is obtained by an optimization procedure so that the measured plasma velocity along an average normal direction is matched and a spatial profile fits other physical observable.
-in the empirical reconstruction, the obtained spatial profiles represent an average structure over the whole interval of analysis, which typically includes many transitions, not an individual boundary crossing. In the 2-D reconstruction, (e.g. de Keyser and Roth, 2003) , the tangential velocity is not directly determined but is assumed from outside.
The central assumption adopted in this paper, namely that the MP has a constant thickness, certainly introduces a limitation but also leads to a significant simplification of the task to infer the discontinuity parameters. We based this assumption on the arguments presented in Sect. 1 and on the results reported for the planar case (Haaland et al., 2004; Blagau, 2007) . In general, limitations in the validity range of any solution provided by the new method result from the fact that they describe the MP boundary only locally. In Table 5 from Sect. 6, we indicated the solutions when such a limitation was needed, to avoid a re-encounter of the MP by the first pair of satellites (C2 and C4) at the end of the event. This aspect could be in fact a consequence of another limitation introduced by the method, namely the shape itself we assumed for the MP layer; one could recall here observations reporting on the MP surface waves having a steeper leading (e.g. Owen et al., 2004) or trailing (e.g. Kivelson and Chen, 1995) edge. However, since in the present paper we only intend to demonstrate the capability of the new tool, we do not enter into this controversy; other reasons for adopting a parabolic or a cylindrical shape were discussed in Sect. 7.1.
The many facets of the new technique were illustrated by treating in details one MP crossing observed by Cluster. A continuation of the present work is therefore needed both to show more clearly the capabilities of the method and to investigate its possible developments. Below we present a list of topics to be addressed in the future.
-the investigation of other events. By comparing the results obtained under different conditions one can discriminate between the general characteristics of the method and what is specific to each particular event. It will also be useful in evaluating how valid the constant thickness assumption is.
-as explained in Sect. 3, in this article we combined the timing analysis with the MVAB technique. In principle one can combine in a similar way the timing analysis with other techniques, like for example MFR. Furthermore, one can use simultaneously both MVAB and MFR, by adding the global magnetic field variance and the global Faraday residues and search for the direction of MP movement that minimizes this quantity (a procedure to combine variances of different quantities is described in Sonnerup et al., 2006) . Finding a MP crossing to illustrate this procedure would be instructive.
-an investigation of method performance using synthetic data would allow to study the dependence of errors in predicting the discontinuity macroscopic parameters on different spacecraft configurations. It would also allow to study how the planar MFR method performs on a 2-D, non-planar discontinuity (see the observation made in Sect. 5.3) -in Sect. 7.1 we discussed the rationale for using the parabolic and the cylindrical profiles to represent the MP layer. One could investigate the possibility to model the MP in other ways, like as a sinusoidal shape mentioned there, or as a shape having a steeper leading or trailing edge. In that case, finding valid solutions could benefit from the results based on the two geometries presented in this article.
-the new method was designed to be applied when the boundary acquired a 2-D shape. For a planar discontinuity, the use of standard, planar techniques would ideally produce parallel normal directions. However, when these normals are not exactly parallel, one may think that the method presented here can be adjusted to the planar situation, e.g. by optimizing the direction of the planar timing normal so that the global normal magnetic field variance is minimized.
Appendix A Details of the 2-D method
This appendix provides details about the models and the techniques employed in the article for determining the macroscopic parameters of a 2-D, non-planar discontinuity. For the complete report about how the actual solutions were obtained in each particular implementation of the method, the reader is referred to Blagau (2007) . Below we consider that the timing information, i.e. the times when each satellite detects the MP leading and trailing edges, and the orientation of the invariant direction l, have been extracted from the data. The satellites can then be ordered according to the times when they detect the MP leading edge. In what follows by satellite 1 one understands the first spacecraft that encounters that surface, by satellite 2 the second one and so on. The origin of time corresponds to the instant when the MP leading edge is detected by the first satellite. The satellites positions are regarded as fixed points in space, an assumption well-justified considering their small orbital velocity relative to the typical MP velocity. For example, for the 24 June 2003 event, the satellites orbital velocities along the MP normal were ∼ 0.11 km/s, to be compared with the average MP normal velocity of ∼ 50 km/s (see Table 5 ).
We will work in the fixed orthogonal reference frame (x,y,l), centred on the first satellite and oriented with the third axis along the MP invariant direction (see Figs. 6 and 7 from Sect. 3, referring to the parabolic and cylindrical models, respectively). The y axis, lying in the plane of the normals, is oriented along what we called the primary direction. As mentioned in Sect. 3, the method assumes either one or two degrees of freedom for the MP displacements. In the former case, by primary direction one understands the only possible direction allowed for the MP movement. In the latter case, when the MP has a compound motion along two mutually perpendicular directions, the primary direction is the direction along which the model allows for a variable velocity, therefore implying an acceleration or even higher terms in the velocity change. Along the other, i.e. x, direction, called the secondary direction, the MP is allowed to move with a constant velocity.
We will use the following notations (see also Figs. 6 and 7 from Sect. 3):
-the primary direction of MP motion is specified by the angle β, between y and m = R 2 ×l (here R 2 designates the position vector of the second satellite relative to the first satellite). Note that the direction of m, chosen as reference direction in the plane of the normals, can be completely established for each event.
-A 0 ,A 1 ...A N are the polynomial coefficients that describe the MP primary velocity, i.e. along the y direction:
-v is the speed along x direction, when a second degree of freedom for the MP layer is allowed.
-d is the magnetopause half-thickness.
-s and C designate the initial position of the MP, i.e. at T c1 − τ 1 ≡ 0. More precisely, in case of the parabolic layer the parameters refer to the x and, respectively, y coordinate of the leading edge apex location, whereas in case of the cylindrical layer they designate the coordinates of the center of curvature.
-the spatial scale of the structure is described in the parabolic model by the quadratic parameter a. For example, at the initial moment the parabola has the equation: y(x) = C + a(x − s) 2 . In case of the cylindrical layer model, the corresponding parameter is the radius of curvature, R, of the inner MP surface.
A1 The parabolic layer model
Figure 6 from Sect. 3 shows a parabolic MP cross-section at successive times, when its edges encounter the Cluster satellites (situated at origin and at the positions indicated by the R 2 , R 3 and R 4 vectors). The invariant direction l is pointing into the paper. According to the proposed model, the direction of primary movement y is along the (common) axes of the parabolas that define the MP leading and trailing surfaces. By "constant thickness" of the layer one understands that the distance along y between the leading and trailing edges is the same. In Fig. 6 we have chosen to represent the situation when the Cluster satellites are initially situated inside the opening made by the parabola's branches and when also a tangential velocity is present along the secondary direction x. For one particular event, the initial location of the spacecraft (inside or outside the parabola's branches) and the secondary motion (in the positive or negative x direction) depend on the actual timing information and on the Cluster configuration, resulting directly from the equations described below. In order to determine the MP macroscopic parameters, one imposes the conditions that, during its motion, the margins of the parabolic layer encounter the satellites positions at the proper times, i.e. four conditions for encountering the leading MP edge at T ci − τ i and four conditions for encountering the trailing MP edge at T ci + τ i . Mathematically, these conditions can be formulated, respectively, as
with i = 1...4. In the above equations (X i ,Y i ) designate the coordinates of satellite i, while X ap [ t ],Y ap [ t ] refer to the leading edge apex position, which varies in time:
The quantities a, d, s, and C have to be obtained from the system of eight equations (A1) and (A2). The other four unknowns are described below.
A1.1 Straight timing analysis
In the straight timing analysis technique one does not know from the beginning how x and y are oriented in the plane of the normals, i.e. the angle β is an unknown to be determined by solving the conditions (A1) and (A2). It can be shown that one needs a MP having two degrees of freedom in this implementation of the parabolic model. Therefore, the remaining unknowns, describing the MP velocity, are A 0 and A 1 for the primary motion and v for the velocity along the secondary direction. A unique algebraic solution with physical significance (i.e. with a positive value for d) has been found in this case.
A1.2 Combined timing -MVAB analysis
In the combined timing -MVAB analysis algorithm, the angle β is an input parameter and therefore one additional unknown can be used to characterize the MP movement. In these conditions, a third coefficient, A 2 , to describe the velocity along the primary direction y can be added, or one can suppress the movement along the secondary direction and use four coefficients for the velocity along y. Note that now the quantities X i and Y i , designating the position of the satellites in the working reference frame (x,y,l), are known.
In either case it can be shown that to each direction (each angle β that determines the values of X i and Y i ) corresponds one solution. One can then readily compute a set of quantities that characterize the MP orientation and motion, like for example the instantaneous surface normal at each satellite position. The algorithm developed in this implementation changes β in steps between −π and π, computes the global magnetic field variance along the instantaneous normals for each corresponding solution (as described in Sect. 3; see also the next paragraphs) and finally selects that direction of MP movement that minimizes this quantity.
To compute the global value of the normal magnetic field variance, one can use the following weighting factors
where by Tr ci one designates the trace of the constrained, to l · n = 0, magnetic field variance matrix corresponding to satellite i (references about the variance matrix can be found in Sonnerup and Scheible 1998; Sonnerup et al. 2006) . The constraint l · n = 0 adopted in Eq. (A5) Table 3 . The main idea behind choosing this definition for p i was that the magnetic field measured at one satellite could be, by whatever reason, more perturbed than at the other, resulting in a higher value for Tr ci . In this case its contribution to the global magnetic variance should be diminished. However, as pointed out by Sonnerup et al. (2006) , there is no unique way to define the weighting factors.
A2 The cylindrical layer model
In this model s and C designate the initial x and y coordinates of the layer's center of curvature P (see Fig. 7 from Sect. 3). Another difference is that, instead of the quadratic parameter a from the parabolic model, the spatial scale of the structure is described by the radius of curvature, R, of the inner MP surface.
Conditions similar to Eqs. (A1) and (A2) can be formulated for the MP leading and trailing edges, respectively,
designate the coordinates of the center of curvature P , which vary in time as in Eqs. (A3) and (A4).
In the above equations it is assumed implicitly that the satellites and the MP center of curvature are initially on the same side of the discontinuity, i.e. the first encounter is with the surface having the smaller radius of curvature, R. This situation is depicted also in Fig. 7 from Sect. 3. It will become clear from below that this presumption affects only the last part of the following argumentation, because the algorithm finds first all the other unknowns, apart from R and d, in a way independent of that. At the end, both possibilities are tested (satellites and the center of curvature located initially on the same side or on opposite sides of the MP) rejecting the one which implies a negative value for d.
For finding solutions in the cylindrical model case, numerical methods have been used. Because such methods work more efficient when the number of equations is small, in all sub-cases of the model (straight timing analysis or combined timing -MVAB analysis, one or two degrees of freedom for the MP movement), by expressing some of the unknowns as a function of the others, the initial system of Eqs. (A6) and (A7) has been reduced to a system of only four equations. More specific, in case of the straight timing analysis one arrives at a set of equations in β, A i , and v (when the second degree of freedom in the MP movement is enabled). In case of the combined timing -MVAB analysis, when the angle β is an input parameter, the reduced set of equations are in A i and, possibly, v. The reason for keeping these variables is that one has to provide an initial guess for the unknowns and these quantities seemed for us more suitable in this respect. For example the angle β has a limited range of variation, i.e. from −π to π, and one could search for the solutions in a loop that varies the initial value for β in this range with a step of a few degrees. Also, for the MP velocity one has a better initial guess than, say, for the position of the MP center of curvature.
The entire procedure followed to reduce the initial system of eight equations to one having only four equations is too lengthy to be reproduced here. However, the initial step was to subtract the equations describing the first satellite in Eqs. (A6) and (A7) from the equations referring to the other three satellites, eliminating thus the unknowns R and d. From this point on, each sub-case of the cylindrical model differs in the way the variables s and C are expressed as function of the remaining four. Once a numerical solution for A i and, depending on the sub-case, β and/or v is found, the values for s and C can be derived as well. Finally, R and d are obtained from the equations corresponding to the first satellite. If the value for d is negative it means that one has to make the transformations R −→ R + 2d and R + 2d −→ R in the initial set of conditions (A6) and (A7), respectively.
Appendix B
Details of the comparison from Sect. 5
In this appendix, using different intervals of analysis, we compare the performance of the planar MVAB method and of the C2 OpTA A solution, in terms of the normal magnetic field variance, average normal magnetic field component B n , and normal orientation. The investigation is carried out for intervals centred on T ci that progressively increase in size. Starting from a half-width of τ i − 0.8 s, each new interval is obtained from the preceeding one by adding two magnetic field data-points (of 0.4 s time-resolution), one to the right and one to the left. The largest centred interval used in the analysis does not exceed the largest interval used in the nested MVAB analysis.
Starting from the top, panels 1 to 4 on the left column of Figs. B1 refer to C2, C4, C3 and C1, respectively, and show how the normal magnetic field variance (solid lines) and average normal magnetic field component B n (dashed lines) change with the half-width of the interval of analysis. On the abscissas, the interval's half-width is shown, in seconds from τ i , and therefore the origin of these axes corresponds to the central intervals [T c i − τ i , T c i + τ i ].
Three sets of normals have been used to compute the plotted quantities. In panels 1 to 4, the orange lines present for each interval half-width the normal magnetic field variance and B n based on normals provided by a constrained MVAB analysis performed for that particular interval. By "constrained" one understands here the condition l · n = 0. Note that these normals, called hereafter the planar, intervalspecific MVAB normals, are changing with the interval of analysis according to the MVAB theory. The light blue lines designate the evolution of the same quantities based on the individual, planar MVAB normals obtained from the nested MVAB analysis 14 . Because the directions of these normals are fixed in space, in this appendix we will refer to them as the fixed, planar MVAB normals. Finally, in each panel, using the mission color-code, the normal magnetic field variance and B n along the 2-D, instantaneous, geometrical normals are shown. Of course, since the C2 OpTA A solution is valid, strictly speaking, only for the transition intervals [T ci −τ i ,T ci +τ i ], the above mentioned quantities were computed by extending its validity to larger intervals.
One notes that the magnetic field variance curves based on the planar, interval-specific MVAB normals (solid orange lines) lie always below the similar curves based on the fixed, planar MVAB normals (solid light blue lines). This is not surprising, since the former correspond to the lowest possible magnetic field variance for each interval. At the same time, as expected, all curves referring to the same quantities (magnetic field variance or B n ) but based on the two sets of planar MVAB normals, converge as the interval of analysis increases (see the solid and dashed lines colored in orange and light blue).
In panel 5 from the left column, curves representing the "global" magnetic field variances, obtained as weighted sums of the individual normal magnetic field variances, are shown. For computing them, the weighting factors provided by Eq. (A5) from Appendix A and indicated at the bottom of Table 3 have been used. The curves show that even for central intervals having the half-width as large as ∼ τ i + 5 s, i.e.
well beyond the validity range of the 2-D solution, the global magnetic field variance based on the 2-D, instantaneous normals (magenta line) is smaller than the same quantity based on the planar, interval-specific normals (orange line), which are the 'best' normals obtained in the planar assumption, implying the minimum magnetic field variance (the global magnetic field variance based on the fixed, planar MVAB normals is shown by the light blue line). In fact, similar statements can be made at the individual level for the satellites C3 (panel 3; compare the satellite specific colored line and the orange line) and C1 (panel 4), while in case of C4 (panel 2) the two curves are very close to each other. The situation is reversed on C2 (panel 1), although the curves are still very close; as discussed later in this appendix, here the local magnetic irregularities play an important role. Considering the above arguments, one can definitely say that, for the above mentioned intervals, the 2-D solution C2 OpTA A performs better than the planar MVAB solution from the normal magnetic field variance point of view.
In panels 1 to 4 one can notice that the B n curves based on the 2-D, instantaneous normals (satellite specific colored dashed line) are closer to the x axis than the similar curves based on the planar, interval-specific normals (yellow dashed line), for most of the intervals with a half-width smaller than 2τ i . This supports the idea that, in the analyzed case, the 2-D solution does not introduce a non-realistic offset in the value of B n .
The panels 6 to 9 on the right column of Fig. B1 present for each satellite the orientation (in degrees) of the planar, interval-specific MVAB normal (orange crosses), and of the 2-D, instantaneous normal (the three lines shown in the mission colour code) as function of the interval half-width. The fixed, planar MVAB normal is taken as reference direction (the light blue line at 0 • ). For the 2-D, instantaneous normal, the plotted lines signify that, during one particular interval of analysis, its orientation changes between the values indicated by dashed lines, with the average orientation n ave 2D indicated by the solid line.
For C2 (panel 6) and C1 (panel 9), big variations in the orientation of the planar, interval-specific MVAB normals (orange crosses) can be noticed as the interval half-width becomes smaller than τ 2 , respectively τ 1 . This evolution could be associated with the MP rotation and/or with the local, internal (temporal or structural) irregularities. While in general it is difficult to separate between these two factors, for the 24 June 2003 event we think that the local effects dominate. Indeed, as one can see at the beginning of the corresponding traces, the planar, interval-specific MVAB normals change their orientation by more than 2 • from one interval of analysis to the next, i.e. when two magnetic field measurements, of 0. In case of C2 (panel 6) the effect is still important for the central interval of τ 2 half-width, meaning that the corresponding MVAB results are spoiled by local, internal irregularities (magnetic islands, noise etc.). As a consequence, for a better interpretation of the results, in Table 3 and in Table 5 the global normal magnetic field variance based both on data from all four satellites (black numbers) as well as only on data from C1, C3 and C4 (smaller blue numbers) is shown.
As mentioned in Sect. 5.2, for C1 and C3, there is a systematic difference in orientation between the individual 
